Correction for "Two different domains of the luciferase gene in the heterotrophic dinoflagellate Noctiluca scintillans occur as two separate genes in photosynthetic species," by Liyun Liu and J. Woodland Hastings, which appeared in issue 3, January 16, 2007, of Proc Natl Acad Sci USA (104:696-701; first published November 27, 2006; 10.1073/pnas.0607816103).
T
he bioluminescent systems of seven previously studied bioluminescent marine dinoflagellates have been found to be similar, but unusual in several respects, and very different from any of the other groups of luminous organisms (1) . In the case of Lingulodinium polyedrum (Lp, formerly Gonyaulax polyedra), light is emitted as flashes from specialized organelles called scintillons, which are formed as outpocketings from the cytoplasm into the acidic vacuole (2, 3) . The scintillons contain the three components required for light emission: dinoflagellate luciferase (LCF) (4), its luciferin substrate, and a luciferinbinding protein (LBP) (5) .
Lp luciferase (M r , Ϸ137 kDa) has an internal triplication, thus three homologous domains within a single molecule, each of which, when isolated as a separate peptide, is catalytically active in vitro (6) . There is also an N-terminal sequence of Ϸ100 aa of unknown function. LBP is a smaller protein (M r , Ϸ75 kDa), whose N-terminal Ϸ100 aa has a sequence identity of Ϸ50% with the corresponding luciferase region (7) . The activities of both proteins are strongly regulated by pH (8) .
In six other photosynthetic dinoflagellates, the structures of the luciferases were found to be essentially the same as in Lp, and all were found to occur in multiple and tandem copies, albeit with very different intergenic sequences (9, 10) . In some of these species, a luciferin-binding protein has not yet been found, but in vitro, all react to emit light with the luciferin of Pyrocystis lunula (Pl), which was established to be an open tetrapyrrole (11) and will be called dinoflagellate luciferin.
Based on 18S ribosomal DNA, the heterotrophic unarmored species Noctiluca scintillans (Ns) is phylogenetically distant (12) , but cell extracts also were shown to react with dinoflagellate luciferin to give light. This emission allowed the identification of a luciferase clone whose expressed protein has a very interesting structure. It lacks the N-terminal Ϸ100-aa sequence present in the other seven dinoflagellate luciferases and is composed of two major domains. The N-terminal region codes for a protein with luciferase activity and has sequence similarity to the individual domains of the three-domain luciferase of Lp, whereas the C-terminal region has sequence similarity to the LBP of Lp.
In the course of this work, it also was discovered that both the LBP region identified in Noctiluca and the Lp LBP have an internal repeat structure with four domains. However, these domains are less well conserved among themselves than are the three LCF domains of the seven photosynthetic dinoflagellates.
Results and Discussion
Molecular Cloning of the Full-Length Noctiluca Luciferase Gene and the Two-Domain Protein. Because Noctiluca luciferase in crude extracts cross-reacts biochemically with dinoflagellate luciferin to emit light, we screened a Noctiluca cDNA expression library for light emission with added Pyrocystis luciferin. From Ϸ2 ϫ 10 4 colonies, two were found to emit light. Subsequent sequencing of plasmid DNA from the two showed that they were identical, both lacking 5Ј and 3Ј untranslated regions, poly(A) tail, and portions of N-and C-terminal regions of the ORF.
We cloned the full-length gene and the intergenic sequence by PCR amplification from genomic DNA by using primers derived from the partial luciferase cDNA. A search of the National Center for Biotechnology Information database by BLAST revealed that the N-terminal part of the Noctiluca sequence shares similarity only to the single domains of all other dinoflagellate luciferases, whereas its C-terminal part has sequence similarity only to the LBP of the dinoflagellate Lp. Various combinations of PCR amplification from genomic DNA ruled out the possibility that the chimeric feature of this luciferase gene might have resulted from cloning artifacts.
As is known for luciferase genes in the other dinoflagellates (10), the Noctiluca gene also occurs as tandem copies (Fig. 1) . However, the intergenic nucleotide sequence (GenBank acces-sion no. 828400) has no similarity to those of any of the other dinoflagellate tandem genes reported, which themselves are different from each other.
As also shown in Fig. 1 , the full-length Noctiluca protein possesses a short N-terminal sequence of 29 aa residues followed by two domains, referred to as the luciferase-like and the LBP-like domains, which are linked by a sequence of 11 aa residues. No significant similarity was found between the 29-aa N-terminal Noctiluca sequence and the Ϸ100-aa N-terminal sequence of any of the seven other dinoflagellate luciferases, or of Lp LBP, or any other sequence in the GenBank.
Noctiluca Luciferase-Like Domain Protein. The luciferase-like domain of Noctiluca shares amino acid identities of 52-56% with those of the individual domains of the seven other dinof lagellate luciferases, which are 68 -84% identical among themselves (three of which are tabulated; Table 1 ). Compared with the domains of the other luciferases, the Noctiluca domain is shorter by Ϸ60 aa at the N terminus, thus lacking three of the four N-terminal histidines present in Lp luciferase, which have been shown to be critical for the regulation of its activity by pH (13) . Based on 18S ribosomal DNA analysis (12) , Noctiluca is more primitive than any other previously studied bioluminescent dinof lagellate species. A phylogenetic tree of its LCF domain and the individual domains of the other seven luciferases, based on the protein sequences ( Fig. 2 ), is consistent with this conclusion.
Previous studies revealed that the amount of bias in codon usage varies in the central regions of the domains of the luciferases of the seven photosynthetic dinoflagellates (9, 10) . The effective numbers of codons is a measure of codon biases (higher value, lower bias). This value is lowest for Lp luciferase (Ϸ33) and highest for Pl luciferase (Ϸ50); the corresponding value for the Noctiluca luciferase-like domain (55) is even higher. Guanosine and cytosine account for only 40% at the third position of its codons, a value that is far lower than that for the seven other luciferases (64-87%). Thus, the biased usage of cytosine in the central part of Lp luciferase domains, which is correlated with a low synonymous substitution rate in that region and, possibly, plays a role in the observed translational regulation, is not found in this more primitive Noctiluca species.
Noctiluca LBP-Like Domain Protein. The Noctiluca LBP-like region has a relatively low sequence identity with the Lp LBP (41% at the amino acid level). Unexpectedly, it was found to contain four internal repeats, based on analysis by an improved SmithWaterman algorithm (14) . Four internal repeats also were detected in the Lp LBP, a feature that previously had gone unnoticed. An alignment of internal repeats of the LBP-like region in Noctiluca and Lp is shown in Fig. 3 . Half of the amino acids that are fully conserved in both species are charged The precise boundary between the intergenic region and 5Ј UTR was not precisely mapped, and together they account for 1,518 bp. The 3Ј UTR of the Ns lcf is only 97 bp long, therefore, much shorter than the 3Ј UTRs of lcf genes of seven photosynthetic dinoflagellates, which range from 194 to 432 bp. The largest ORF of Ns lcf predicts a protein of 914 aa with two major domains, an N-terminal luciferase-like (LCF-like) domain and a C-terminal luciferin-binding protein-like (LBP-like) domain. The LCF-like domain shares a 56% sequence identity with but is shorter at the N terminus by 60 aa residues than the individual domains of Lp LCF. The LBP-like domain of 591 aa residues is 41% identical with the comparable region of Lp LBP. No significant similarity was found between the most N-terminal sequence of 29 aa residues of the Ns LCF and any sequences in the database. Ns LCF-like  100  54  55  56  56  56  56  52  55  54  AtD1  100  82  77  75  72  71  72  73  74  LpD1  100  81  73  75  74  72  77  74  PID1  100  69  74  72  68  73  70  AtD2  100  80  81  78  76  78  LpD2  100  84  74  81  75  PID2  100  71  79  75  AtD3  100  80  83  LpD3  100  84  PID3  100 Values shown are in %. The amino acid sequence identities of the Ns LCF-like domain with those of the other three fall in the range of 54 -56%, lower than 68 -84%, which are found among the latter themselves. At, Alexandrium tamarense.
residues (three arginines, two glutamic acids, and one aspartic acids), marked by arrows in Fig. 3 . The overall identities of the LBP domains are quite low, falling in the range of 5-20% (Table  2 ). Phylogenetic analysis indicates that the corresponding domains of the two LBPs are grouped together, rather than different domains within a given species (Fig. 4) , a feature that also was found for the intramolecular domains of the seven luciferases (9).
Noctiluca Luciferase Protein in Cell Extracts. On Western blots of cell extracts, a single band of Ϸ100 kDa was detected with the Lp luciferase antibody (Fig. 5, lane 1) , whereas two bands were seen with the Lp LBP antibody, with sizes corresponding to the full-length molecule (Ϸ100 kDa) and to the LBP-like domain (Ϸ65 kDa) (Fig. 5, lane 2) . Despite the presence of an added protease inhibitor mixture in the extraction buffer, the Ϸ65 kDa band could have resulted from a proteolytic cleavage during extraction in the region of the linker. In that case, however, the luciferase-like part of the molecule also should be seen with the luciferase antibody, but it was not. It is also possible, but improbable, that this 65-kDa band represents some antigenically cross-reacting material, not related to the luciferase system. Finally, it is possible that in Noctiluca the lbp is also structured as a separate gene, as in the photosynthetic species, responsible for expressing the LBP protein seen on the Western blot. If so, the protein might function in Noctiluca as in Lp, sequestering the luciferin within the organelle at high pH and releasing it at a low pH. But it might have a different function, for example, as a cytoplasmic reservoir for luciferin. In any event, the presence of additional genes involved in the functioning of the bioluminescence system cannot be excluded.
As shown in Fig. 6A , Noctiluca cell extracts made at pH 8 emit luminescence simply upon shifting the pH to 6 (without added luciferin) and show a sharp pH dependence, peaking at pH 6.0, a feature that also had been described by Nawata and Siboaoka (15); this behavior is similar to that of Lp cell extracts. In both cases, the luciferins are endogenous, but their exact structures may be different. 
Expressed Protein from Constructs of the Noctiluca Luciferase Gene.
We expressed the full-length Noctiluca luciferase gene in SF21 insect cells as a FLAG-tagged protein (at the C-terminal end) by using a Gateway baculovirus expression system. Western blots by using anti-FLAG antibodies resulted in a major band at Ϸ100 kDa, corresponding to the predicted size of the full-length protein, and a minor band at Ϸ65 kDa, corresponding to the size of the LBP-like sequence (Fig. 5, lane 3) . This minor band could be due to proteolysis in such preparations, as was also suggested as a possible explanation for the Ϸ65 kDa band in crude extracts (Fig. 5, lane 2) . A third, and very minor band (Ϸ5% of total protein) at Ϸ80 kDa, considered to be an unknown impurity, also was present.
The construct, containing the lbp-like domain itself, was expressed poorly in both bacterial and insect cells, but well enough to be verified by Western blots with anti-FLAG antibody (Fig. 5, lane 4) . Its activity, if any (see below), was less than the detection limit of our assay.
In contrast to cell extracts, the activity of the full-length heterologously expressed protein with Pyrocystis luciferin showed only a modest dependence on pH. Because three of the four N-terminal histidines responsible for the pH regulation of Lp luciferase are absent in the Noctiluca lucferase-like sequence, it was not expected that this part of the molecule would contribute to the pH effect. Whether the LBP-like domain does so was not determined. It has the same approximate size as the separate LBP protein of Lp, and the structures of both appear to be due to an internal quadruplication of a short sequence, a previously undiscovered and intriguing feature. We expressed the LBP-like Noctiluca sequence separately and tested its ability to inhibit the Lp reaction at pH 8 by using D2 luciferase (see Methods). No inhibitory activity was observed, but the concentrations available were low; such a test would be more meaningful if carried out with Noctiluca luciferase.
Evolution of Luciferases. The formation and evolution of genes can involve fusion, fission, or both (16, 17) . Thus, the ancestral system may have had two genes, which fused in the Noctiluca lineage and remained in the branch leading to the photosynthetic species. Alternatively, based on the more primitive status of Noctiluca, its luciferase gene can be viewed as more similar to the ancestral gene in dinoflagellates, which then split in giving rise to the photosynthetic species.
Taking the latter view, it may be postulated that the ancestral gene coded for a single two-domain protein in which, before the reaction of luciferin with oxygen, its LBP region binds luciferin and then releases it to the luciferase-like catalytic site in a pH-dependent step. A system such as in Lp later evolved after these two domains underwent fission to form two genes, with the different functions in separate proteins, with the catalytic component having developed an additional and supportive pH regulatory function. In Lp, both proteins are packaged together in subcellular organelles, probably in some sort of supramolecular complex. The more primitive Noctiluca system also is localized in subcellular organelles (18) and, as demonstrated by Eckert (19) , is triggered by a conducted action potential in the vacuolar (tonoplast) membrane. Although these organelles may be similar to the Lp scintillons (20) , both emitting brief (Ͻ100 msec) bright f lashes, their ultrastructure has not been elucidated. Dinoflagellate Luciferins. As mentioned earlier, the so-called dinoflagellate luciferin used in all of the experiments reported Values shown are in %. here is, in truth, Pl luciferin. It is certainly possible that Ns luciferin differs in small ways from Pl luciferin. If so, it may explain the difference in pH dependency of emission between native Ns luciferase in cell extracts and full-length Ns recombinant luciferase (Fig. 6 ). For example, at high pH native Ns luciferin could bind tightly to the LBP part of Ns luciferase, thus preventing its reaction with the luciferase-like domain, whereas Pl luciferin might remain free and able to react. The luciferaselike region is expected to lack pH-regulatory capability, because three of the four histidines responsible for this regulation are lacking. Minor structural differences between the luciferins also could affect the quantum efficiency of the bioluminescence reaction. Indeed, although it has been proposed that the tetrapyrrole luciferin is derived from chlorophyll, the source and͞or biosynthetic pathway of dinoflagellate luciferin is not actually known for any species. Cross-reactions of luciferins and luciferases occur in both directions with all species tested, but only the structure of Pyrocystis luciferin has been established. The origin of the luciferin in Noctiluca, a heterotrophic species, is of special interest. If it also is derived from chlorophyll, the parent molecule surely must be acquired by ingestion of a chlorophyllor luciferin-containing prey. A luciferin substrate is known to be acquired nutritionally in some animals, notably the midshipman fish, where the luciferin is obtained by the ingestion of bioluminescent crustaceans (21) .
Materials and Methods
Collection. Cells of Noctiluca, ranging in diameter from 400 to 700 m, were harvested from surface water of the Gulf of Mexico off the pier of the Marine Science Institute of the University of Texas-Austin at Port Aransas by using a 50-cm-diameter nylon net with a pore size of 158 m. Other larger-sized planktonic organisms were removed with a 1-mm pore-size filter, and the filtrate was poured into a separatory funnel. Because the Noctiluca buoyant density is less than that of sea water, this and other material could be drained off, leaving the cells on the surface. For further purification, the cells were resuspended in sea water, layered again at the surface by centrifugation at 1,000 ϫ g for 10 min at room temperature, and concentrated on a nylon filter of 5-cm diameter with a pore size of 158 m. The excess water was absorbed by paper towels placed underneath the filter. The cells were transferred to 15-ml Falcon plastic tubes, frozen in liquid nitrogen, shipped back to our laboratory on dry ice, and stored at Ϫ80°C until use.
Molecular Cloning of the Luciferase Gene. For isolating genomic DNA and total RNA, the cells were homogenized in liquid nitrogen, followed by phenol and chloroform extraction as described in ref. 22 . mRNA was selected by using oligo(dT) paramagnetic particles (Promega, Madison, WI), converted into DNA, and inserted to ZAPII vector (Stratagene, La Jolla, CA) to generate a cDNA library. The mass excision of the phage library and the plating of the resultant phagemid library were performed according to the manufacturer's manual. Protein expression was induced by incubation overnight with 1 mM IPTG at 4°C. After being transferred onto a nitrocellulose membrane, the colonies were lysed in situ by overlaying the membrane on 3MM paper (Millipore, Billerica, MA) that had been presoaked in dinoflagellate luciferin with 50 mM sodium phosphate, pH 8.0͞5 mM 2-mercaptoethanol͞0.05% Triton X-100. The Triton X-100 is essential for effective lysis of bacterial cells. Light-emitting colonies were identified by imaging with a CCD camera system (IVIS; Xenogen Corp., Alameda, CA), and the cDNA clones were isolated.
To isolate the full-length cDNA, nested PCRs were carried out with the cDNA library as a template by using two specific primers based on the sequence of the cDNA clones in the sense orientation and T7 and M13 reverse primers in the antisense orientation. The longest PCR product was sequenced and found to include much of the ORF with the stop codon, along with the 3Ј UTR and poly(A) tail. A similar approach was used to determine the additional 5Ј end sequence and the start codon.
Pairs of sense and antisense primers then were designed based on the 3Ј UTR and 5Ј UTR, respectively, and used for PCR amplification of the intergenic region of tandem copies from the genomic DNA. All PCR products were cloned into the TA cloning vector, pCR II (Invitrogen, Carlsbad, CA) and sequenced. The assembly of the full-length sequence containing the cDNA and the intergenic sequence was done by using the Luciferase activity of the cell extract is strongly pH-dependent (A), whereas activity of the expressed luciferase-like domain with Pl luciferin is less so (B). 
